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A c-type cytochrome is formed via a deceptively simple post transla-
tional modiﬁcation reaction in which the two thiol groups of the cyste-
ines in a CXXCH motif (there are rare variations when the motif is
CXXCK, ZXXCH or the number of X residues is more than two) add to
the two vinyl groups of heme to give thioether bonds. These vinyl
groups are not especially activated (in the sense that the carbon–carbon
double bond of the thiol reagent N-ethyl maleimide is activated by ad-
jacent carbonyl groups) to an addition reaction of this kind but the
thioether bonds so formed are very stable and can only be broken
in vitro by reaction with a heavy metal such as mercury or silver. The
reasons for making these bonds are not entirely understood but ideas
have been discussed [1,2].
Although all c-type cytochromes characterised to date have the
same stereospeciﬁcity of heme attachment [1], it has turned out over
the last 20 years or so that there are several different systems that ca-
talyse this process. The subject has recently been comprehensively
reviewed [3–8]. Herewe focus on a selected number of very recent de-
velopments which are discussed in the context of the knowledge of
two of the biogenesis systems that have accumulated in recent years.
2. System I developments and questions posed by sulphate
reducing bacteria
Many investigations have characterised what is known as System I
or the Ccm system for cytochrome c biogenesis; this occurs in manyopean Bioenergetics Conference
l rights reserved.species of Gram negative bacteria as well as in mitochondria of
some species, plants in particular [9]. Although there seem to be
slight differences in detail as to the composition of the Ccm system,
studies in several different species of bacteria (but not sulphate re-
ducers—see later) have established the following features and func-
tions of individual members of the Ccm set of proteins (Fig. 1).
CcmA and CcmB together comprise an ABC protein and function in
conjunction with CcmC, which shows sequence features leading it
to be termed a heme handling protein [10]. Together with help
from a very small protein, CcmD, with a single transmembrane
helix, these proteins are involved in presenting heme to CcmE and a
subsequent delivery of the heme to an apocytochrome. The bulk of
CcmE is a periplasmic globular protein but it is anchored to the mem-
brane through a helix. A striking ﬁnding has been that heme can be
covalently attached to a histidine side chain of CcmE and formation
of this covalent bond is believed, on the basis of “chase” type experi-
ments [11] to be an intermediate in c-type cytochrome biogenesis.
Covalent bonds between heme and histidine are rare although there
are other examples [12]. Certain histidine residues on CcmC are es-
sential for heme to become attached to CcmE [13], consistent with
the proposed role in heme handling of CcmC. An important ﬁnding
has been that loss, by appropriate mutation, of the ATPase activity
of CcmAB does not stop the covalent attachment of heme to CcmE
but abolishes the synthesis of c-type cytochrome [14,15]. The sim-
plest interpretation of this ﬁnding is that the ATPase activity is not
needed for heme transport to the periplasm (the mechanism for
which continues to be unknown) but is somehow required to release
heme from CcmE, which may involve loss of ligands provided by
CcmC. Whether this involves a conformational driven process [14] or
the transport of some unidentiﬁed low molecular weight molecule re-
mains unknown [15], but there is precedent for non-transport functions
of ABC proteins [14], and some new observations (see below) support
1755S.J. Ferguson / Biochimica et Biophysica Acta 1817 (2012) 1754–1758the conformational change role. The key histidine of CcmE is essential;
variation to alanine or cysteine by mutation results in abolition of c-
type cytochrome production and in the case of the cysteine variant
only traces of covalently bound heme on CcmE. There is a curious situa-
tion concerning other residues adjacent to the key histidine on CcmE.
Variation of even some conserved residues adjacent to the histidine
has only a modest, if indeed any in some cases, effect on heme handling
[16]. On the other hand, insertion of an additional alanine is very inhib-
itory for both heme binding to CcmE and c-type cytochrome formation
[16]. On the basis of structural analysis of a peptide derived from the
holo CcmE–heme species anN atomof the histidine adds to the terminal
carbon of the vinyl bond of the heme [17]. This is the carbon which ac-
quires hydrogen overall in c-type cytochrome synthesis with the adja-
cent carbon forming the thioether bond. How exactly, therefore, the
thioether bond formation is synchronised with the breakage of the C–
N bond remains unknown. One suggestion is that the histidine residue
is attached to the heme by a Michael reaction [3] and then released by
the reverse, possibly linked to the ATPase activity of CcmAB. The impor-
tance of the histidine bond has been reinforced by very recent work in
which it has been shown that an analogue of a c-type cytochrome carry-
ing only one cysteine in the normal CXXCHmotif becomes crosslined by
heme to CcmE [18]. This cross linked product does not occur if the
ATPase activity of CcmAB is absent, thus supporting the idea that this
ABC system drives a conformational change which makes the heme on
CcmE available to the apocytochrome; such availability could entail re-
lease of heme covalently bound to CcmE from ligands provided by
CcmC [13]. On the other hand, absence of CcmF tends to enhance the
amount of complex formed. We can conclude that whatever the role of
CcmF (see below) it is not needed for the formation of one covalent
bond between heme and an apocytochrome c.
CcmF has long been implicated as being at the heart of catalysing
the formation of thioether bonds. Again sequence analysis has
suggested that it can be classiﬁed as a heme handling protein [3,10].
Recent developments have revealed that it also contains a heme,
not destined to become incorporated into a cytochrome, sandwiched
between some of its 13 transmembrane helices [19]. A role for reduc-
tant transfer to heme on CcmE is postulated for this heme which may
itself be reduced by quinol of the respiratory chain. Certainly there is
a strong expectation, based in part on in vitro studies [20], that the
ferrous form of heme is a prerequisite for the thioether bond forma-
tion and it is known that in vitro the heme on CcmE is rapidly oxidised
by oxygen [16]. It also suggested in vivo that heme in ferric state is
added to CcmE [3] but in vitro the ferrous state is needed for this
[21]. The identiﬁcation of the crosslinked CcmE–heme–cytochrome
c product mentioned above in the absence of CcmF suggests that
CcmF is concerned with coordinating the breakage of the histidine
to heme bond on CcmE with the formation of the second thioether
bond. This implies that CcmE itself may be able to recognise
apocytochromes c.
Some of the other members of the Ccm set of proteins are implicat-
ed as playing a role in reversing any tendency to form a disulphide in
the apocytochrome [3–5]. In particular, CcmG is a thioredoxin-like,
but periplasmic, protein for which such a role is generally accepted, al-
though decisive experimental evidence is not abundant. CcmG can re-
ceive reductant from cytoplasmic thioredoxin via the transmembrane
protein DsbD. CcmH has a CXXC motif and is often implicated in the
overall process of reversing any disulphide bond formation in the
CXXCH of the apocytochrome. Again decisive evidence is missing.
CcmI is a protein with TPR motifs and is thought to play a chaperone
like role [22]. Confusingly, in some organisms, prominently Escherichia
coli, it is fused to the C-terminus of CcmH. In many cases CcmI is dis-
pensable and so can be regarded as not directly involved in the forma-
tion of thioether bonds. An intriguing feature of the sulphur chemistry
of c-type cytochrome formation is that when a “synthetic” apo c-type
cytochrome with a CX5/6CH motif is presented to the Ccm system the
resulting protein has an extra sulphur such that one of the thioethershas been replaced by a persulphide linkage [23]. The origin of the
extra sulphur is as yet unknown but requires us to keep in mind that
a small thiol molecule might yet prove to be involved in the biogenesis
process. One could argue that the extra X atoms between the cysteines
have caused a perturbation to themechanismwith erroneous retention
of an extra sulphur which would normally be displaced. On the other
hand in vitro studies have shown no requirement for any such ancillary
molecule, the most convincing evidence coming from the attachment
of Zn-protoporphyrin IX in the absence of any thiol compound [20].
The possible role of a disulphide within the CXXCHmotif of a c-type
cytochrome has been discussed since it was reported that loss of the
periplasmic disulphide bond forming system in E. coli caused loss of
c-type cytochrome synthesis. However, a recent re-evaluation has
shown that whilst loss of DsbA or DsbD attenuates c-type cytochrome
synthesis, an effect that can be reversed by cystine in the case of DsbA
or cysteine/mercaptoethanesulphonate in the case of DsbD, these two
proteins are not essential for c-type cytochrome synthesis [24].
It was a surprise when genome sequences of sulphate reducing
bacteria, organisms known to be rich in, and reliant on c-type cyto-
chromes for their functioning revealed genes only for CcmABCDEF
[25]; a possible CcmI was included later at the end of the proposed
operon (Fig. 1). Strikingly the CcmE protein did not, at least from se-
quence comparisons, possess the essential histidine but rather had a
cysteine in the corresponding position [25]. Of course such observa-
tions did not necessarily mean that the identiﬁed genes were all that
is needed in sulphate reducing bacteria in order to achieve c-type
cytochrome synthesis; other proteins in the sulphate reducers
might have been playing “hidden” roles. It proved possible to ex-
press the ccmABCDEFI genes from a sulphate reducer in a strain of
E. coli lacking its endogenous Ccm system and to detect c-type cyto-
chrome formation catalysed by this exogenous system [26]. Further-
more, it was shown that the putative cysteine counterpart of the key
histidine in the E. coli CcmE did acquire covalently bound heme; var-
iation of this cysteine to histidine or alanine abolished covalent
heme attachment and c-type cytochrome synthesis [26]. The loss
of the CcmI component attenuated, but did not abolish, c-type cyto-
chrome formation [26]. These ﬁndings support the idea that
CcmABCDEF is the essential catalytic heart of System I. For some rea-
son the absence of any counterparts of CcmG and CcmH did not
abolish c-type cytochrome synthesis. Why this should be so when
the E. coli Ccm system is itself severely compromised by the absence
of these two proteins is perplexing. Even more perplexing is why
the unusual heme–histidine bond in E. coli CcmE can be replaced
by a heme–cysteine bond in the sulphate reducing organisms. The
nature of this heme–cysteine bond is not yet known, but it is likely
to be a thioether bond. Such bonds are chemically stable and at
ﬁrst sight cleavage of a thioether bond en route to a c-type cyto-
chrome looks unlikely. However, given the weight of evidence for
the importance of the covalent bond between heme and histidine
in E. coli CcmE the default position is that a covalent bond also
forms in the Ccm variant system found in sulphate reducing organ-
isms. It should be noted, however, that there is as yet no experimen-
tal evidence analogous to that obtained for the E. coli system [11] to
show that covalently bound heme is an intermediate. It is also not
yet known if there are differences in the CcmABCDF proteins of sul-
phate reducing organisms that can correlate with their variant form
of the CcmE protein. All this needs further study.
It is not only c-type cytochrome biogenesis that is different in sul-
phate reducing organism but also the pathway to make heme. In re-
cent work it has been discovered in these organisms that heme
synthesis goes from uroporphyrinogen III to heme via siroheme in-
stead of the “classical” route via protoporphyrinogen III, with iron in-
sertion being the ﬁnal step [27]. It is notable that the same pattern of
variant Ccm system and heme synthesis pathway can be discerned in
many archaea. Whether this is coincidence or not is hard to tell. How-
ever, c-type cytochromes are not that prominent in archaea and
Fig. 1. A. The System I or Ccm system for c-type cytochrome formation. The ﬁgure shows the system as found in E. coli. Key residues identiﬁed as important for function [3–5] are
shown. B. The System I* or Ccm* system as found in Desulfovibrio desulfuricans and shown here as operating in a strain of E. coli lacking its own Ccm system.
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type posttranslational modiﬁcation apparatus route were acquired by
lateral gene transfer (from perhaps sulphate reducing organisms) in a
coordinated fashion.
3. Some recent developments in mitochondrial c-type cytochrome
synthesis
Many eukaryotes employ a system known as System III, holo-
cytochrome c synthase (HCCS) or heme lyase, for their assembly of
c-type cytochromes (Fig. 2). Presumably this system evolved relative-
ly late on which is consistent with its absence from bacteria and from
those eukaryotes which have retained System I from a prokaryotic
ancestor. The distribution of System III has been mapped [9]. System
I is known to be very unselective and the E. coli system will add
heme to almost any protein carrying the CXXCH motif and which
can fold to give a hemoprotein. In contrast, System III shows speciﬁc-
ity. Physiologically this is illustrated by the situation in yeasts where
there are two proteins, one to act on apocytochrome c and the other
to act on apocytochrome c1 [8]. On the other hand, in higher eukary-
otes bioinformatic analysis suggests that there is only one member of
the System III family, presumably able to act on both apo proteins.
Non-physiologically, there has been evidence that System III cannot
act on bacterial c-type cytochromes, even when the folded holo pro-
tein product has essentially the same structure as the mitochondrialprotein. The reason for this discrimination is now becoming apparent.
A yeast HCCS recognises only the N-terminal region of its substrate.
Thus when presented with a chimeric polypeptide made up of a mito-
chondrial cytochrome c N-terminus fused to the CXXCH and beyond
C-terminal sequence of the Paracoccus denitriﬁcans cytochrome c,
the HCCS catalysed heme attachment to give a product that appeared
to be properly processed in all respects [28]. Thus not even the XX
was recognised as it is quite distinct in P. denitriﬁcans compared to
mitochondria. Furthermore, two research groups showed that a high-
ly conserved phenylalanine residue, that occurs just before the
CXXCH motif, is important for heme attachment [28,29]. Importantly
it was found that if the variant protein was directed to the periplasm
it was processed by the Ccm system, showing that once heme was at-
tached a folded protein was produced. In one case sufﬁcient protein
was obtained for NMR characterisation which showed that a native
fold was acquired [29]. This type of experiment made very unlikely
an alternative interpretation of the observations which was that
heme was attached by System III to the protein carrying the F to A
variation but that the protein could not fold and was rapidly degrad-
ed. This phenylalanine does form a key bond in the structure of cyto-
chrome c but it could be that the role of this residue is crucial for
assembly and not in ﬁnal structure as has previously been assumed.
There are stable forms of cytochrome c that lack a hydrophobic resi-
due toward the C-terminus that packs against this phenylalanine; re-
ciprocally therefore there is no reason why the absence of the critical
Fig. 2. The HCCS (or heme lyase system) or System III as found in many eukaryotes. The cyc2p protein, not found in all species, has recently been suggested to play a role in reduc-
tion of heme rather than of a disulphide in the apo-cytochrome c [34].
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other N-terminal residue had such a dramatic effect, although G6 was
essential in the horse protein but not in the cytochrome from yeast
[28,29]. Thus unlikely as it may seem, the System III protein so far
tested seems to be heavily reliant on recognising a single phenylala-
nine in the N-terminal region, a residue which is not found in the
same position in the P. denitriﬁcans protein. It follows that it might
be possible to attach heme to a truncated version of cytochrome c
or to a fusion protein containing the N-terminal sequence up to and
including the CXXCH motif. We have indeed observed heme attach-
ment to a truncated form of cytochrome c (Y. Zhang, J.M. Stevens
and S.J. Ferguson, unpublished work). Heme attachment in such
cases is actually not unexpected since it was shown many years ago
that heme was attached when an N-terminal peptide frommitochon-
drial cytochrome c was added to mitochondrial extracts although full
characterisation of the product was not possible [30]. In summary it
appears that the System III protein so far examined, the synthase for
yeast cytochrome c, is, apart from the CXXCH motif, only concerned
with recognising the N-terminal part of its target and one residue in
particular, unlikely though that might have seemed.
The ﬁrst sequences of cytochrome c synthases (heme lyases)
recognised the presence of CP motifs. These attracted attention as
this motif has been assigned a heme binding role in some other
heme-binding proteins. However, as more sequences have been
acquired it has become clear that the number of CP motifs is variable
and they do not occur in the conserved regions of the proteins. Recent
work has shown that when a System III protein is expressed in E. coli,
but in variant form lacking CP motifs, then cytochrome c synthesis
continues more or less unabated [31]. On the other hand mutations
in the conserved C-terminal region do block the synthesis. Of course
it cannot be excluded that the CP motifs play some role in mitochon-
dria, for example recruitment of heme [31], that can be bypassed in
E. coli.
A recent discovery concerning the mitochondrial inter membrane
space, the location of cytochrome c, is that it contains a system for for-
ming disulphide bonds [32]. Thus by analogy to the periplasm of
E. coli one might think that the apo form of cytochrome c might be
subject to formation of disulphides which have to be reductively bro-
ken before heme can be attached. However, the system for making
disulphides in the intermembrane space appears, in contrast to the
periplasmic Dsb system of bacteria, to be rather speciﬁc in terms
of its targets. Thus disulphide bond formation is not at present
suspected and is presumably not required for c-type cytochromeformation as this class of protein is still made in mutants lacking a
component of the disulphide bond forming system [32,33]. If reduc-
tant is not needed for breaking disulphides then this raises the ques-
tion as to the purpose of the Cyc2p protein in yeast that has appeared
to be an NAD(P)H dependent reductase, distinct from System III and
yet important for c-type cytochrome biogenesis. New work indicates
that its role is in ensuring that the heme is kept reduced [34]. As dis-
cussed earlier there is a variety of evidence that the ferrous state of
heme is needed for thioether bond formation. In addition earlier
work with mitochondrial extracts indicated that reductant was a
key requirement for cytochrome c assembly [34]. The identiﬁcation
of a system for reduction of heme in yeast mitochondria gives support
to the idea that the CcmF of System I may serve as a heme reductase,
albeit of heme attached to CcmE rather than free heme. Curiously
Cyc2p does not have obvious analogues outside the yeasts but it is
possible that its role is assumed by other proteins elsewhere. If a
heme reductase system is important then it remains to be shown
how this is provided by System II which does not involve ABC pro-
teins or an obvious equivalent to the heme bound to CcmE; however,
that lies outside the scope of this short update and the reader is re-
ferred to the review by Simon and Hederstedt [6].Acknowledgements
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